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Abstract
The regulation of intracellular pH (pHi) in colonocytes of the rat proximal colon has been investigated using the pH-
sensitive dye BCECF and compared with the regulation of pHi in the colonocytes of the distal colon. The proximal
colonocytes in a HEPES-buffered solution had pHi = 7.24 þ 0.04 and removal of extracellular Na lowered pHi by 0.24 pH
units. Acid-loaded colonocytes by an NH3/NH4 prepulse exhibited a spontaneous recovery that was partially Na
-
dependent and could be inhibited by ethylisopropylamiloride (EIPA). The Na-dependent recovery rate was enhanced by
increasing the extracellular Na concentration and was further stimulated by aldosterone. In an Na- and K-free HEPES-
buffered solution, the recovery rate from the acid load was significantly stimulated by addition of K and this K-dependent
recovery was partially blocked by ouabain. The intrinsic buffer capacity of proximal colonocytes at physiological pHi
exhibited a nearly 2-fold higher value than in distal colonocytes. Butyrate induced immediate colonocyte acidification that
was smaller in proximal than in distal colonocytes. This acidification was followed by a recovery phase that was both EIPA-
sensitive and -insensitive and was similar in both groups of colonocytes. In a HCO33 /CO2-containing solution, pHi of the
proximal colonocytes was 7.20 þ 0.04. Removal of external Cl3 caused alkalinization that was inhibited by DIDS. The
recovery from an alkaline load induced by removal of HCO33 /CO2 from the medium was Cl
3-dependent, Na-independent
and blocked by DIDS. Recovery from an acid load in EIPA-containing Na-free HCO33 /CO2-containing solution was
accelerated by addition of Na. Removal of Cl3 inhibited the effect of Na. In summary, the freshly isolated proximal
colonocytes of rats express Na/H exchanger, H/K exchanger ((H-K)-ATPase) and Na-dependent Cl3/HCO33
exchanger that contribute to acid extrusion and Na-independent Cl3/HCO33 exchanger contributing to alkali extrusion. All
of these are likely involved in the regulation of pHi in vivo. Proximal colonocytes are able to maintain a more stable pHi than
distal cells, which seems to be facilitated by their higher intrinsic buffer capacity. ß 2001 Elsevier Science B.V. All rights
reserved.
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Butyrate
1. Introduction
The large intestine plays a major role not only in
Na, Cl3 and K absorption but also in transepithe-
lial transport of acid and base equivalents [1,2]. The
primary source of hydrogen and bicarbonate ions is
assumed to be the carbonic anhydrase which cataly-
ses the hydration of carbonic dioxide and creates H
and HCO33 . The production of these ions may be
modulated by systemic alterations of pH, PCO2 and
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HCO33 as well as by acids and bases that are pro-
duced by intestinal anaerobic microorganisms [2].
These anaerobic organisms metabolize non-absorbed
nutrients and generate short chain fatty acids
(SCFA) which easily penetrate into colonocytes
[3,4]. SCFA are weak acids and therefore the trans-
epithelial transport of either undissociated or ionized
forms plays a major role in a¡ecting colonocyte pH.
As the survival of colonocytes depends on e¡ective
machinery to compensate for perturbations in intra-
cellular pH (pHi), it seems likely that colonocytes
have well developed mechanisms for maintaining
pHi. In principle, the steady-state pHi is determined
by the balance between processes that load the cells
with acids such as SCFA transport, Cl3/HCO33 ex-
change and cellular metabolism and those that ex-
trude acid from the cell such as Na/H exchange
or (H-K)-ATPase. Several studies have addressed
this issue for colonocytes from the distal colon [5^9].
However, studies of pHi regulation in colonocytes of
the proximal colon have been scarce and restricted to
rabbits [10,11] even though the transport properties
and their regulation in the mammalian proximal and
distal colon are not identical [1,12,13].
The aim of the present study was to examine the
mechanisms involved in pHi regulation in the prox-
imal colon and to compare its pHi regulation with
the distal colon. Here, we focused on H and HCO33
extrusion mechanisms in the presence or absence of
Na and Cl3.
2. Methods
2.1. Animals and isolation of colonocytes
Experimental animals were male Wistar rats (250^
300 g) that had been fed a standard rat chow con-
taining 126 Wmol Na/g diet or a low-salt diet con-
taining 13 Wmol Na/g diet (Altromin, Lage, Ger-
many) for 12 days and had free access to tap
water. Some rats were adrenalectomized 6 days be-
fore the experiment and were given standard rat
chow and 0.9% saline instead of water. The rats
were euthanized with ether, the abdomen was opened
and the entire colon was rapidly removed from the
animal and cleaned of its luminal content with 150
mM NaCl and divided into proximal, middle and
distal thirds. The colonocytes were isolated from
the proximal and distal thirds according to a modi-
¢ed method of Roediger and Truelove [14]. The co-
lonic loops were everted, distally ligated, and then
distended by means of a syringe with Ca2-free bu¡-
er (in mM: NaCl, 118; KCl, 4.7; NaHCO3, 24.9;
KH2PO4, 1.2; MgSO4, 1.2) containing 0.25% w/v
bovine serum albumin (BSA) and ligated proximally.
The distended loops were placed in plastic £asks
(Ca2-free bu¡er, 0.25% BSA and 5 mM EDTA)
and oxygenated with O2/CO2 (95%/5%). Incubation
of the loops lasted 30 min, after which they were
removed and rinsed with Ca2-free bu¡er solution
without EDTA and the colonocytes were disaggre-
gated by manual shaking in a HEPES-bu¡ered con-
trol medium (Table 1, solution 1). The isolated cells
were ¢ltered through a nylon mesh (75 and 40 Wm),
washed twice (solution 1), kept on ice and used with-
in 3 h after removal of the colon. Preliminary histo-
logical and histochemical experiments showed that
the cell suspension represented the cells of the colon-
ic surface and the upper third of the crypts that were
85% keratin- and less than 5% vimentin-sensitive.
Histological examinations of the colonic tissue ¢xed
immediately after cell isolation were done on sections
stained with methylene blue. Immunostaining was
performed with anticytokeratin and antivimentin
antibodies on isolated cells after air drying. Cell via-
bility was checked by the trypan blue exclusion meth-
od and ranged from 80 to 90%.
2.2. Measurement of intracellular pH and intracellular
bu¡er capacity
Colonocytes suspended in the control medium (so-
lution 1) were dye-loaded by incubation for 15 min
at 37‡C and bubbled with O2 or 95% O2/5% CO2,
respectively. Following BCECF (2P,7P-biscarboxyeth-
yl-5(6)-carboxy£uorescein/tetraacetoxymethyl ester)
loading, the cells were washed twice in the appropri-
ate solution (Table 1). The integrity of the cells in the
solutions was checked by measurement of lactate de-
hydrogenase (LDH) release as described earlier [15]
and the percentage of LDH release did not di¡er
signi¢cantly among the solutions. Measurement of
pHi was performed with the £uorescent pH indicator
BCECF using a dual-beam spectro£uorimeter (Per-
kin Elmer LS 50B) equipped with a magnetic stirrer.
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The cell suspension was pipetted into a cuvette and
pHi was measured with excitation wavelengths of 490
and 440 nm whereas the £uorescence emission was
recorded at 530 nm. The £uorescence signal was cali-
brated to yield the pHi level by the nigericin-K
method [16] and the calibration curve was a linear
function of pH in the range 6.6^8.0. Cellular auto-
£uorescence was negligible (1^2%), so the data were
not corrected for auto£uorescence. All experiments
were conducted at 37‡C.
When necessary, pHi was lowered by addition of
butyrate, ¢nal concentration 30 mM [10], or by
NH4Cl pulse [17]. BCECF-loaded cells were incu-
bated for 15 min at 37‡C in the control medium (so-
lution 1) containing 20 mM NH4Cl, then they were
centrifuged and washed quickly in an Na-free me-
dium (solution 2), before being resuspended in the
cuvette containing the appropriate solution. An alka-
line load was achieved by incubation of the BCECF-
loaded cells in the presence of 25 mM HCO33 /5%
CO2 (solution 3) following centrifugation and trans-
ferred to a HEPES-bu¡ered medium (solution 1 or 4)
nominally free of CO2. Switching to the HEPES me-
dium was associated with a rapid CO2 e¥ux causing
pHi to increase to alkaline levels. 0.5 mM DIDS
(4,4P-diisothiocyanatostilbene-2,2P-disulphonate) was
used to inhibit HCO33 -transporting systems and 50
WM EIPA (5-(N-ethyl-N-isopropyl)amiloride) was
used to block the Na/H exchanger.
The rate of pHi changes (dpH/dt) was assessed by
determining the slope of the initial, maximal changes
of £uorescence after an acid or alkaline load using
the linear least square method. The intrinsic bu¡er-
ing capacity Li was measured by the NH4Cl pulse in
Na-free HEPES-bu¡ered medium (solution 2) and
calculated according to the equation [18]
Li  NH4 i=vpHi
where the intracellular concentration of NH4 was
calculated according to the Henderson-Hasselbach
equation. In some experiments Li was estimated by
Table 2
Baseline pHi in proximal and distal colonocytes
Proximal
colonocytes
Distal colonocytes
HEPES-bu¡ered
medium
7.24 þ 0.04 (24) 7.37 þ 0.05 (23)
HCO33 /CO2-bu¡ered
medium
7.20 þ 0.04 (20) 7.33 þ 0.04 (15)*
Values are means þ S.E.M., numbers of animals are given in pa-
rentheses. HEPES-bu¡ered medium was solution 1 and HCO33 /
CO2-bu¡ered medium was solution 3 (see Table 1). *P6 0.05
as compared with proximal colonocytes.
Table 1
Composition of solutions (mM)
Solution
1 2 3 4 5 6 7 8
NaCl 145 0 120 0 0 0 0 0
NMDG Cl 0 0 0 0 145 0 0 0
Choline Cl 0 145 0 0 0 0 120 0
MgCl2 1 1 1 0 1 0 1 0
CaCl2 1 1 1 0 1 0 1 0
K2HPO4 3 3 3 3 0 3 3 3
HEPES-Tris 20 20 5 20 20 5 5 5
NaHCO3 0 0 25 0 0 25 0 0
Choline HCO3 0 0 0 0 0 0 25 25
Na gluconate 0 0 0 145 0 120 0 0
Mg gluconate 0 0 0 1 0 1 0 1
Ca gluconate 0 0 0 5 0 5 0 5
Glucose 10 10 10 10 10 10 10 10
Glutamine 2 2 2 2 2 2 2 2
Mannitol 0 0 0 0 0 0 0 240
NMDG, N-methyl-D-glucamine. The pH values were adjusted to pH 7.4.
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quantifying pHi changes caused by addition of buty-
rate in control medium (solution 1) containing inhib-
itors of the SCFA/Cl3 exchanger (0.2 mM DIDS
[19]) and the H/monocarboxylate cotransporter
(5 mM K-cyano-4-hydroxycinnamate [20]). The buf-
fering capacity Li was calculated according to the
equation [21]
Li  Lt32:3butyratei
where Lt is the total bu¡ering capacity. The intra-
cellular concentration of butyrate was estimated ac-
cording to Henderson-Hasselbach equation using
pKa = 4.81 for butyrate.
2.3. Patch-clamp recordings
A standard patch-clamp technique was performed
essentially as described previously [22]. Colonocytes
were pipetted into the experimental chamber covered
with poly-L-lysine to ¢x the cells to the bottom. The
conventional whole-cell recordings in current clamp
mode were performed using chemically perforated
patches. The pipettes were pulled from borosilicate
glass (resistance 2^6 M6) and pre¢lled with the po-
tassium gluconate/KCl pipette solution (in mM: po-
tassium gluconate 100, KCl 30, NaCl 10, MgCl2 2,
EGTA 0.1, TRIS 10, ATP 5, pH 7.2) by dipping into
the solution. Then it was back¢lled with the same
solution containing nystatin (300 Wg/ml). Opening
of the patch was indicated by an increase in the
capacity and a decrease in the resistance. The signals
were recorded on a modi¢ed List ampli¢er.
2.4. Statistics
Values are means þ S.E.M. (n) where n refers to
Fig. 1. E¡ect of external Na on pHi recovery from the acid load in proximal colonocytes. The cells were suspended in Na-free
HEPES-bu¡ered medium (solution 2) without (A) or with 50 WM EIPA (B). The arrows indicate the time when 50 mM NaCl were
added to the cuvette.
Table 3
Rate of intracellular pH recovery from an NH4 /NH3-induced acid load
Condition Initial pHi Recovery rate (U1032 pH units/min) n
PC 50 mM NaCl 7.13 þ 0.04 9.0 þ 1.1 14
50 mM choline Cl 7.12 þ 0.04 3.7 þ 0.9* 6
50 mM NaCl+EIPA 7.12 þ 0.03 3.3 þ 0.9* 14
DC 50 mM NaCl 7.20 þ 0.03 7.6 þ 1.1 8
50 mM choline Cl 7.18 þ 0.03 3.5 þ 0.7* 6
50 mM NaCl+EIPA 7.16 þ 0.04 3.2 þ 0.6* 7
Values are means þ S.E.M.; PC, proximal colonocytes; DC, distal colonocytes; n, number of animals; EIPA, ethylisopropylamiloride
(50 WM). For further details see the text. *P6 0.05 as compared with 50 mM NaCl, no signi¢cant di¡erence between PC and DC.
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the number of independent experiments (animals)
performed in duplicate. Student’s paired t-test was
applied to compare the mean values within one
experimental series, otherwise an unpaired t-test
was used. The kinetic parameters Km and Vmax of
Na/H exchanger activity were determined using
Lineweaver-Burk’s plot and linear regression analy-
sis. For smoothing of the £uctuating £uorescence
signal and estimation of the pHi recovery rate
the methods of a moving average and linear regres-
sion were used (Statistica programme package).
These methods gave a good approximation of the
measured signal. P6 0.05 was considered to be sig-
ni¢cant.
3. Results
3.1. Regulation of pHi in HEPES-bu¡ered solution
The experiments were performed in the nominal
absence of CO2 and HCO33 to minimize the capacity
of HCO33 -dependent base-extruding mechanisms.
The control steady-state pHi measured in the pres-
ence of NaCl (solution 1) was not signi¢cantly di¡er-
ent in proximal and distal colonocytes (Table 2).
Preincubation of the cells for 15 min in the Na-
free medium (solution 2) caused intracellular acidi¢-
cation (P6 0.01), both in proximal (vpHi =30.18 þ
0.03 (15)) and distal colonocytes (vpHi =30.20 þ
0.03 (13)).
To characterize H extrusion mechanisms in colo-
nocytes, recovery of pHi after an acid load was in-
vestigated. Colonocytes were acidi¢ed by incubation
in the presence of NaCl (solution 1) containing 20
mM NH4Cl for 5 min, subsequently the cells were
washed and resuspended in the Na-free medium
(solution 2). The pHi values of these acid-loaded cells
were recorded and then NaCl was added to reach a
¢nal concentration of 50 mM. As shown in Fig. 1A,
NaCl induced progressive alkalinization. The initial
Na-dependent recovery rates from the acid load are
summarized in Table 3. Application of 50 WM EIPA
eliminated the Na-dependent initial recovery rate of
pHi (Fig. 1B, Table 3). To identify the dependence of
pHi recovery on Na concentration from an acid
load the colonocytes were suspended in the presence
of di¡erent concentrations of NaCl with choline
chloride replacing Na isoosmotically. The results
shown in Fig. 2 demonstrate that the pHi recovery
from the acid load depends on the presence of extra-
cellular Na according to the saturation kinetics.
Fig. 2. E¡ect of external Na on the rate of pHi recovery from
the acid load in proximal (PC) and distal colonocytes (DC) cor-
rected for EIPA-insensitive component. Isolated cells were acidi-
¢ed by NH4 technique to pHi = 7.07 þ 0.03 (proximal colono-
cytes) or pHi = 7.12 þ 0.04 (distal colonocytes) and alkalinization
was measured in isotonic solutions containing the indicated
concentrations of Na in the presence or absence of EIPA. Val-
ues are means þ S.E.M. of eight experiments. The curves are re-
sults of the ¢t of data to the Michaelis-Menten equation.
Table 4
E¡ect of corticosteroid status of the rats on the rate of Na-dependent intracellular pH recovery from NH4 /NH3-induced acid load
Initial pHi Recovery rate (U1032 pH units/min) n
PC Control 7.08 þ 0.03 9.2 þ 1.2 8
Adrenalectomy 7.12 þ 0.04 8.8 þ 1.1 8
Hyperaldosteronism 7.10 þ 0.04 15.4 þ 1.7* 14
DC Control 7.15 þ 0.03 8.3 þ 1.2 7
Adrenalectomy 7.18 þ 0.03 7.9 þ 1.1 8
Hyperaldosteronism 7.20 þ 0.04 10.0 þ 1.4 14
Values are means þ S.E.M.; PC, proximal colonocytes; DC, distal colonocytes; n, number of animals. For further details see Section 2.
*P6 0.05 from control animals.
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As corticosteroids are known to modulate electro-
neutral Na transport via Na/H exchange [1,13]
we next examined the contribution of corticosteroids
to the pHi recovery from an acid load (Table 4).
Adrenalectomy did not modulate the recovery rate;
however, the low-salt diet, which caused Na deple-
tion and increased plasma concentration of aldoste-
rone [23], increased the recovery rate in proximal
(PC) but not distal colonocytes (DC) (Table 4).
The EIPA-insensitive recovery did not signi¢cantly
di¡er in various experimental groups (PC: 2.7 þ
0.3U1032 pH units/min; DC: 2.2 þ 0.3U1032 pH
units/min). These data provide evidence for the stim-
ulation of acid extrusion by aldosterone in the epi-
thelium of the proximal colon.
Recovery from an acid load induced by 30 mM
butyrate is shown in Fig. 3. Similar to other cells,
colonocytes acidi¢ed rapidly after SCFA exposure
and then recovered to the control value. Addition
of NaCl re£ecting an identical increase in osmolarity
had no e¡ect on pHi. The value of the immediate
pHi acidi¢cation was signi¢cantly higher in distal
colonocytes (DC: vpHi =30.28 þ 0.02 (6) pH units)
than in proximal colonocytes (PC: vpHi =30.19 þ
0.02 (10) pH units; P6 0.05). This di¡erence disap-
peared in the Na-free medium (solution 2) in which
the degree of acidi¢cation had been consistently
lower (PC: vpHi =30.14 þ 0.2 (5), DC: vpHi =
30.14 þ 0.3 (7)) than in the Na-containing solution.
It is tempting to ascribe this di¡erence to the fact
that the cells started with a higher initial pHi
in Na-containing solution (PC: 7.26 þ 0.03, DC:
7.33 þ 0.04) than in Na-free solution (PC: 7.08 þ
0.04, DC: 7.16 þ 0.05). After acidi¢cation, colono-
cytes demonstrated both EIPA-sensitive and -insen-
sitive pHi alkalinization (Table 5). The EIPA-sensi-
tive pHi recovery was found to be approx. 50% of
the total pHi alkalinization. These measurements in-
dicate that butyrate induced rapid cellular acidi¢ca-
tion and stimulated Na/H exchange to mediate
partial pHi recovery from the butyrate load. Whereas
butyrate induced larger acidi¢cation in the distal
than in the proximal colonocytes the capacity of
the recovery mechanism was similar in the cells of
Fig. 3. pHi response of proximal colonocytes to 30 mM sodium butyrate (A) or 30 mM NaCl (B) in HEPES-bu¡ered medium (solu-
tion 1). Following initial acidi¢cation, pHi recovered within approx. 8 min.
Table 5
pHi recovery rate after butyrate acidi¢cation
Proximal colonocytes Distal colonocytes
Initial pHi dpHi/dt Initial pHi dpHi/dt
30 mM Na butyrate 7.04 þ 0.03 8.2 þ 0.7 (15) 7.07 þ 0.03 10.1 þ 1.2 (18)
30 mM Na butyrate+EIPA 7.00 þ 0.03 3.5 þ 0.6 (11)* 7.09 þ 0.04 5.2 þ 0.6 (10)*
Values are means þ S.E.M.; the recovery rate (dpHi/dt) is expressed as (U1032 pH units/min); numbers of animals are given in paren-
theses; EIPA, ethylisopropylamiloride (50 WM). BCECF-loaded cells were ¢rst incubated in NaCl medium (solution 1) with or without
EIPA and then butyrate was added. *P6 0.01 as compared with values obtained in the absence of EIPA. No signi¢cant di¡erence be-
tween proximal and distal colonocytes.
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both colonic segments. The intrinsic bu¡ering ca-
pacity calculated from butyrate exposure in the pres-
ence of DIDS and K-cyano-4-hydroxycinnamate was
signi¢cantly higher in the proximal than in the distal
colonocytes (Fig. 5B).
To test further for the di¡erences between proxi-
mal and distal colonocytes, the intrinsic bu¡er ca-
pacity Li was measured by ammonium exposure.
The addition of 20 mM NH4Cl led to a sudden intra-
cellular alkalinization followed by acidi¢cation (Fig.
4) and the values of Li showed signi¢cantly higher
bu¡ering capacity in proximal than in distal colono-
cytes (Fig. 5A). To eliminate the possibility that
NH4 in£ux via NH

4 transport pathways in£uences
NH4 -induced pHi response we have tested a pos-
sible e¡ect of blockers of NH4 conductance (1 WM
amiloride), K/NH4 (H
) antiporter (0.5 mM vera-
pamil), NH4 (K
)-Cl3 (5 mM BaCl2) and Na-
K(NH4 )-2Cl
3 (0.1 mM furosemide) cotransporters
on pHi [24,25]. Whereas the rapid cellular alkaliniza-
tion ¢rst occurring after NH4Cl pulse was not in£u-
enced by the blockers either in Na-free (solution 2)
or Na-containing medium (solution 1), the slower
secondary acidi¢cation was both Na and blocker
dependent (Table 6). These ¢ndings indicate the
role of NH4 entering in the acidifying processes after
NH4 pulse. However, the e¡ect of NH

4 in£ux on the
initial peak of alkalinization seems to be very low
and we can exclude therefore the possible overesti-
mation of measured Li.
3.2. K+-dependent alkalinization
The presence of Na-independent alkalinization in
the HEPES-bu¡ered solution (Table 3) indicated the
presence of other acid-extruding mechanism(s) than
Na/H exchange. Several recent studies demon-
strated (H-K)-ATPase in the apical membrane of
rat colonocytes [26,27] and we have therefore inves-
tigated the possible role of H/K-exchange in the
recovery from an acid load. The K-dependent pHi
recovery rate observed in response to an imposed
acid load with NH4Cl in Na- and K-free medium
(solution 5) was used as an index of the functional
activity of (H-K)-ATPase. In the absence of Na
and K the ammonium pulse induced acidi¢cation
both in proximal and distal colonocytes. The reintro-
duction of 5 mM K to the bu¡er resulted in intra-
cellular alkalinization at a rate similar both in prox-
imal and distal colonocytes (Table 7). The recovery
rate was signi¢cantly decreased by ouabain, an inhib-
itor of (H-K)-ATPase [26].
Fig. 4. E¡ect of NH4Cl on pHi. Colonocytes were suspended in
Na-free HEPES-bu¡ered medium (solution 2) and at the time
indicated by the arrow 20 mM NH4Cl were added to the cu-
vette.
Fig. 5. Intrinsic bu¡er capacity Li of proximal and distal colonocytes estimated by quantifying pHi changes caused by addition of
NH4Cl (A) or butyrate (B). (A) Li was measured in HEPES-bu¡ered medium (solution 2), initial values of pHi were 7.13 þ 0.04 in
proximal and 7.19 þ 0.03 in distal colonocytes. (B) Li was measured in HEPES-bu¡ered medium (solution 1) containing the inhibitors
of the SCFA3/Cl3 exchanger DIDS and the H/monocarboxylate cotransporter K-cyano-4-hydroxycinnamate; initial values of pHi
were 7.23 þ 0.04 in proximal and 7.33 þ 0.03 in distal colonocytes. *P6 0.05.
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Because the cell membrane was depolarized by in-
creasing extracellular K concentration the possible
role of membrane potential changes on pHi was
tested. Whole-cell experiments proved that the mem-
brane potential Vm was 374 þ 8 mV (7) in Na- and
K-free medium (solution 5) and that addition of
5 mM KCl depolarized Vm by 33 þ 6 mV (6). A sim-
ilar e¡ect as KCl had the K channel blockers tetra-
ethylammonium chloride (2 mM) and BaCl2 (2 mM)
(vVm = 26 þ 3 mV (6)). We have therefore tested the
e¡ect of the K channel blockers on pHi in Na- and
K-free medium (solution 5) before the addition of
KCl. The addition of blockers did not change pHi in
the Na and K-free medium either in proximal or
distal colonocytes. The recovery rate observed after
addition of 5 mM KCl was not in£uenced by K
channel blockers in proximal colonocytes but was
reduced in distal colonocytes (Table 7). Therefore it
seems unlikely that changes in membrane potential
are responsible for K-dependent intracellular alka-
linization in proximal and distal colonocytes. The
inhibitory e¡ect of K channel blockers on K-depen-
dent recovery in distal colonocytes seems to re£ect
the decreased K uptake across the cell membrane
that is linked to a change in the activity of (H-K)-
ATPase.
3.3. Regulation of pHi in HCO33 /CO2 solution
The pHi in the HCO33 /CO2 medium did not sig-
ni¢cantly di¡er from the values in the HEPES-bu¡-
ered medium either in proximal or distal colonocytes
(Table 2). To test the presence and activity of the
Cl3/HCO33 exchanger, we inverted the transmem-
brane Cl3 gradient by removing external Cl3 and
measured intracellular pHi. A summary of these ex-
periments is shown in Fig. 6. It can be seen that the
withdrawal of external Cl3 increased pHi and that
this alkalinization could be blocked by DIDS. These
experiments indicate the presence of a DIDS-sensi-
tive Cl3/HCO33 exchanger that served in our exper-
imental conditions as a base loader. To compare the
e⁄cacy of the Cl3/HCO33 exchanger in proximal and
distal colonocytes we estimated the pHi recovery
Table 6
pHi changes during NH4 /NH3 load
Proximal colonocytes Distal colonocytes
Initial pHi vpHi dpHi/dt Initial pHi vpHi dpHi/dt
Na-rich 7.19 þ 0.03 0.20 þ 0.02 315.3 þ 0.9 7.34 þ 0.03 0.27 þ 0.01 312.2 þ 2.3
Na-rich+inhib. 7.22 þ 0.04 0.18 þ 0.01 38.7 þ 1.5* 7.30 þ 0.04 0.26 þ 0.01 38.8 þ 1.9
Na-free 7.05 þ 0.03 0.19 þ 0.01 38.0 þ 1.7* 7.15 þ 0.04 0.24 þ 0.02 38.1 þ 1.9
Na-free+inhib. 7.02 þ 0.04 0.18 þ 0.01 36.9 þ 1.5* 7.17 þ 0.05 0.24 þ 0.01 37.3 þ 1.2
Values are means þ S.E.M.; numbers of animals: 7^8; the recovery rate (dpH/dt) is expressed as (U1032 pH units/min); Na-rich me-
dium is solution 1 and Na-free medium is solution 2 (see Table 1). In some experiments the inhibitors of NH4 transporters 1 WM
amiloride, 10 mM BaCl2, 0.5 mM verapamil and 0.1 mM furosemide were present in the medium. *P6 0.01 as compared with the
controls (Na-rich group).
Table 7
K-dependent pHi recovery from an acid load
Proximal colonocytes Distal colonocytes
Initial pHi dpHi/dt Initial pHi/dt dpHi/dt
5 mM KCl 7.09 þ 0.03 3.2 þ 0.5 (12) 7.12 þ 0.3 4.0 þ 0.4 (17)
5 mM KCl+ouabain 7.02 þ 0.05 1.5 þ 0.5 (11)* 7.15 þ 0.4 2.6 þ 0.5 (17)*
5 mM KCl+TEA+BaCl2 7.05 þ 0.03 4.1 þ 0.4 (9) 7.08 þ 0.5 2.0 þ 0.3 (6)**
5 mM choline Cl 7.06 þ 0.03 0.7 þ 0.3 (8)** 7.09 þ 0.4 0.8 þ 0.4 (8)**
Values are means þ S.E.M.; the recovery rate (dpHi/dt) is expressed as (U1032 pH units/min); numbers of animals are given in paren-
theses. The cells were incubated in K-free medium (solution 5) in the absence or presence of ouabain (2 mM) or the K channel
blockers tetraethylammonium chloride (TEA, 2 mM) and BaCl2 (2 mM) after which KCl or choline chloride was added. *P6 0.05 or
**P6 0.01 as compared with values obtained after addition of KCl.
BBADIS 62027 30-5-01
I. Vane›c›kova¤ et al. / Biochimica et Biophysica Acta 1536 (2001) 103^115110
from the base loading. Colonocytes were incubated
in the HCO33 /CO2-bu¡ered medium (solution 3) and
then transferred to the HCO33 -free HEPES-bu¡ered
medium without (solution 4) or with Cl3 (solution
1). This transfer led to a similar initial alkaliniza-
tion in both solutions (PC: 7.59 þ 0.03 (16), DC:
7.64 þ 0.05 (16)) followed by a pHi decrease towards
the baseline. When the cells were incubated in
HCO33 /CO2 bu¡er medium (solution 3) and trans-
ferred to the same bu¡er, pHi remained stable and
pHi was lower than in solutions 1 and 4 (PC:
7.23 þ 0.03 (6), DC: 7.27 þ 0.02 (6)). When the cells
preincubated in solution 3 were transferred to Na-
free and Cl3-rich HEPES-bu¡ered medium (solution
2) the cells alkalinized (PC: 7.50 þ 0.03 (7), DC:
7.58 þ 0.04 (6)) and the following pHi recovery was
similar to that in the presence of Na (solution 1).
The almost instantaneous alkalinization in the
HCO33 /CO2-free medium can be attributed to a
more rapid exit of intracellular CO2 than of
HCO33 , whereas the subsequent decrease in pHi to-
ward base pHi re£ects a Cl3-dependent base ex-
truder. As is shown in Table 8, the recovery rate of
acidi¢cation from the base loading was Cl3 depen-
dent, Na independent, and inhibited by DIDS.
A series of further experiments was designed to
obtain information whether Na/HCO33 or Na
-de-
pendent Cl3/HCO33 transporters operate in colono-
cytes during pHi recovery from cytoplasmic acidi¢-
cation. The cells were incubated for 20 min in Na-
free HEPES- (solution 2) or HCO33 /CO2-bu¡ered
medium (solution 7) containing 50 WM EIPA. After
incubation, the cells were washed and transferred to
a cuvette containing the same solutions and 50 WM
EIPA. Exposure of colonocytes to Na-free medium
caused acidi¢cation that was reversed by addition of
20 mM NaCl. This alkalinization was more rapid in
the presence of HCO33 than in its absence and was
blocked by DIDS (Table 9). To minimize the e¡ects
of Cl3-dependent transporting mechanisms, we omit-
ted Cl3 to inhibit the Na-dependent Cl3/HCO33 ex-
Fig. 6. E¡ect of external Cl3 on pHi. The cells incubated in
Cl3-containing HCO33 /CO2-bu¡ered medium (solution 3) were
transferred to the cuvette containing the same medium or a
Cl3-free medium (solution 6) without or with 0.5 mM DIDS.
*P6 0.01.
Table 8
pHi recovery from an alkaline load
Proximal colonocytes Distal colonocytes
Cl3-rich medium 35.7 þ 0.9 (9) 35.1 þ 0.4 (8)
Cl3-free medium 32.2 þ 0.4 (7)* 32.0 þ 1.5 (8)*
Cl3-rich medium+-
DIDS
32.6 þ 0.7 (6)* 32.3 þ 0.6 (6)*
Na-free medium 35.0 þ 0.8 (7) 35.4 þ 0.5 (6)
Values are means þ S.E.M.; the recovery rate is expressed as
(U1032 pH units/min); numbers of animals are given in paren-
theses; DIDS, 4,4P-diisothyocyanatostilbene-2,2P-disulphonic
acid (0.5 mM); Cl3-rich medium was solution 1, Cl3-free me-
dium was solution 4 and Na-free medium was solution 2 (see
Table 1). *P6 0.05 signi¢cantly di¡erent from recovery in Cl3-
rich medium.
Table 9
Na-dependent pHi recovery from acid load in the presence of Na/H exchange inhibitor
Proximal colonocytes Distal colonocytes
Initial pHi dpHi/dt Initial pHi dpHi/dt
HEPES bu¡era 7.09 þ 0.04 1.2 þ 0.8 (6)* 7.15 þ 0.03 1.5 þ 0.9 (6)**
HCO33 /CO2 bu¡er
b 7.04 þ 0.03 5.9 þ 0.9 (12) 7.09 þ 0.05 5.4 þ 1.1 (12)
HCO33 /CO2 bu¡er
b+DIDS 7.04 þ 0.03 1.6 þ 0.6 (6)* 7.08 þ 0.04 1.7 þ 0.5 (6)**
Values are means þ S.E.M.; the recovery rate (dpHi/dt) is expressed as (U1032 pH units/min); numbers of animals are given in paren-
theses. The cells were incubated for 20 min in asolution 2 or bsolution 7 (see Table 1) containing Na/H exchange inhibitor (50 WM
EIPA) and then 20 mM NaCl was added in the absence or presence of HCO33 /Cl
3 exchange inhibitor (0.5 mM DIDS). *P6 0.01 or
**P6 0.05 signi¢cantly di¡erent from HCO33 /CO2-bu¡ered medium
b.
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changer and measured the Na-dependent recovery.
The cells were incubated in an Na- and Cl3-free
medium bu¡ered with HCO33 /CO2 (solution 8) con-
taining 50 WM EIPA to deplete colonocytes of intra-
cellular Cl3. Under these conditions, the Na/H
exchanger was blocked by EIPA and Cl3 was not
available for Na(HCO33 )/Cl
3 exchange. These pre-
incubated cells were washed, transferred to a cuvette
containing the same medium and EIPA and 20 mM
sodium gluconate was added. However, in contrast
to previous experiments Na did not result in any
Na-dependent alkalinization. These results sug-
gested that Na-dependent Cl3/HCO33 exchange oc-
curred as a base loader in our experiments but did
not indicate any activity of an Na/HCO33 cotrans-
porter.
4. Discussion
Our aim was to identify the acid/base transporters
in colonocytes of the proximal colon and to compare
their properties with those of the distal colon, which
is known to exhibit di¡erent transport properties
[1,12,13]. The results of this study indicate that at
least four acid/base transport mechanisms operate
in the proximal colon: amiloride-sensitive Na/H
exchange, K/H exchange, probably (K-H)-
ATPase and Na-dependent and Na-independent
Cl3/HCO33 exchange.
The decrease in pHi after removal of Na in
HEPES-bu¡ered solution indicates that an Na/H
exchange mechanism is involved in setting the resting
pHi both in proximal and distal colonocytes of the
rat similarly as was observed in colonocytes of the
rabbit proximal colon [28]. This Na-dependent re-
covery could be blocked by EIPA in a concentration
that was recently shown to block the Na/H ex-
changer in avian colonocytes [29] and was stimulated
by aldosterone in proximal but not distal colono-
cytes. This is in agreement with the di¡erent e¡ect
of salt depletion in the two segments of the colon
[1,13]. Due to the fact that the recovery rates are
comparable whereas the intrinsic bu¡er capacity is
twice as high in the proximal segment, the H ex-
trusion capacity (dpHi/dtWLi) of the proximal colono-
cytes is more than 100% higher.
The higher intrinsic bu¡er capacity in proximal
colonocytes than in distal colonocytes may indicate
that the pHi stability of these cells is better in re-
sponse to rapid and extensive changes of acid/base
and electrolyte transport. To test this possibility we
have compared the e¡ect of butyrate in proximal and
distal colonocytes. Butyrate was chosen because it is
produced by colonic micro£ora and SCFAs have
been shown to be potent factors in acidifying colo-
nocytes and stimulating Na transport [1,11,30]. In
agreement with these reports we observed rapid ini-
tial acidi¢cation which was by 47% higher in distal
colonocytes that in the proximal cells. However, this
di¡erence disappeared in the absence of Na when
the pHi decrease was signi¢cantly smaller. The e¡ect
of Na removal was also observed by others [10] but
it is di⁄cult to explain. It may be associated with
SCFA entry into the cells that are acidi¢ed in the
Na-free solution. Even if non-ionic di¡usion seems
to be the dominant pathway for SCFA entry into
colonocytes [3], the SCFA/HCO33 (OH
3) exchanger
also operates in rat colonic membranes [4]. After
the initial acidi¢cation, colonocytes increase their
pHi by both EIPA-sensitive and EIPA-insensitive
pHi recovery mechanisms that exhibit similar activity
both in proximal and distal colonocytes. The EIPA-
sensitive recovery re£ects activation of plasma mem-
brane Na/H exchange as was shown in isolated
crypts of the rat distal colon [5] and of murine and
rabbit colonocytes [10,30]. The EIPA-independent re-
covery mechanism(s) was not studied further, but it
is likely to be, at least in part, an Na-independent
SCFA transport process described by Chu and Mon-
trose [30].
The recovery of pHi after an NH3/NH4 pulse
could not be completely abolished by addition of
EIPA or by omitting extracellular Na. Therefore,
a H extrusion mechanism additional to the Na/H
exchanger had to be present in colonocytes. The
EIPA-resistant recovery was observed in the nomi-
nally HCO33 /CO2-free solution that indicated the
presence of other systems involved in increasing
pHi. The two most likely candidates were the H-
ATPase that was demonstrated in renal tubules
[31,32], or (H-K)-ATPase that was found both in
renal tubules, human colonic Caco-2 cells and the rat
distal colon [6,9,27]. The contribution of (H-K)-
ATPase to the recovery of pHi in the absence of Na
was tested by K-dependent recovery of pHi in the
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Na- and K-free solution and K-dependent acid
extrusion was proved. The observations listed below
are consistent with the presence of H/K exchange
((H-K)-ATPase) not only in distal but also in
proximal colonocytes. First, K-dependent acid ex-
trusion was observed in acid-loaded cells in the ab-
sence of extracellular Na. Second, the concentration
of K used in our study was shown to activate rat
colonic K-ATPase [26]. Third, K-dependent recov-
ery of pHi was partially inhibited by ouabain that
was characterized as a partial inhibitor of H secre-
tion and K-ATPase in colon [26,33]. In addition,
ouabain-sensitive K-dependent intracellular alkalin-
ization has recently been reported in microperfused
crypts of the rat distal colon [27]. Fourth, the K-
dependent recovery from an acid load was not the
consequence of the voltage-activated currents via
proton channels [34] because addition of K channel
blockers did not change pHi even if they caused a
similar depolarization of membrane potential as
5 mM KCl. Also the comparison of our depolarization
data with the known characteristics of voltage-acti-
vated H currents (channels) [34] supports our con-
clusion. The pHi-dependent threshold potential that
is necessary for activation of H channels at pHi
observed in our experiments in Na- and K-free
medium is much higher than the membrane potential
that we reached after 5 mM KCl depolarization.
In addition to the Na/H exchanger, the proxi-
mal colonocytes also possess a Cl3/HCO33 or Cl
3/
(OH3) exchanger that is functional at resting or high
pHi. There are two lines of evidence for a Cl3/HCO33
exchanger that is involved in the recovery from an
alkaline load. First, reversal of the transmembrane
gradient for Cl3 by replacing extracellular Cl3 with
gluconate resulted in alkalinization and this alkalin-
ization was blocked by DIDS. Second, the recovery
rate from an alkaline load required Cl3 and was Na
independent. These observations imply that colono-
cytes possess Na-independent Cl3/HCO33 . Similar
data were shown recently for chicken colonocytes
[35] and human colonic HT29 cells [36]. The experi-
ments have not been performed in a HCO33 -free me-
dium and it is therefore not possible to decide
whether Cl3/HCO33 exchange also operates as Cl
3/
OH3 exchange which has been shown in apical mem-
brane vesicles of rat distal colonocytes as a distinct
and separate exchange [37].
In the presence of EIPA, Cl3 and HCO33 , and
consequently at a low pHi, the recovery from an
acid load was found to be Na dependent. This ¢nd-
ing indicated the presence of Na-dependent base-
loading mechanism(s). The possible candidates in-
cluded Na-dependent Cl3/HCO33 exporting Cl
3
and importing HCO33 [36] or Na
/HCO33 cotrans-
porter that has been suggested in intestinal cells
of several species [35,38,39]. As Na-stimulated re-
covery was a¡ected by Cl3 removal in the presence
of EIPA, we suppose that the recovery is due to
an Na-dependent Cl3/HCO33 exchanger and does
not re£ect the activity of an Na/HCO33 cotrans-
porter.
In conclusion, we have demonstrated four distinct
mechanisms of pHi regulation in rat proximal colo-
nocytes: Na/H exchange, H/K exchange, prob-
ably the (H-K)-ATPase, Na-dependent Cl3/
HCO33 exchange and Na
-independent Cl3/HCO33
exchange. Whereas Na-dependent Cl3/HCO33 ex-
change was seen to be active during acid recovery,
Na-independent Cl3/HCO33 exchange operated
during alkaline recovery. Proximal colonocytes
showed higher stability of the pHi in response to
changes in acid/base homeostasis than colonocytes
of the distal segment and the activity of Na/H
exchange in proximal colonocytes was stimulated
by aldosterone.
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